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The electric current and the magnetoresistance effect are studied in a double quantum-dot system, where one
of the dots QDa is coupled to two ferromagnetic electrodes (F1, F2), while the second QDb is connected to a
superconductor S. For energy scales within the superconductor gap, electric conduction is allowed by Andreev
reflection processes. Due to the presence of two ferromagnetic leads, non-local crossed Andreev reflections are
possible. We found that the magnetoresistance sign can be changed by tuning the external potential applied
to the ferromagnets. In addition, it is possible to control the current of the first ferromagnet (F1) through
the potential applied to the second one (F2). We have also included intradot interaction and gate voltages at
each quantum dot and analyzed their influence through a mean field approximation. The interaction reduces
the current amplitudes with respect to the non-interacting case, but the switching effect still remains as a
manifestation of quantum coherence, in scales of the order of the superconductor coherence length.
PACS numbers: 73.23Hk, 73.63Kv, 74.45.+c, 74.78Na
I. INTRODUCTION
The study of transport properties of hybrid nanostruc-
tures is a very active field of research, involving new
and interesting physical phenomena that appear at the
nanometer scale, with great potential for developing fu-
ture technology in mesoscopic systems. Within this con-
text, systems based on combinations of superconductors
and ferromagnets are particularly interesting, since the
interplay between these two phenomena can give rise
to unusual effects. It is well known that in ferromag-
netic/superconducting (F/S) junctions the conductance
can be controlled through the ferromagnet polarization.
For energies within the superconductor gap, the con-
duction process is established via Andreev reflections1
(AR). In this process, two electrons of F with oppo-
site spins recombine into a Cooper pair in S (with to-
tal spin S = 0). The Cooper pairs are the supercur-
rent carriers of the superconductor and these pairs are
highly correlated in large distances in comparison to the
interatomic distances. This feature has been explored
by Deutscher and Feinberg2 to propose a non-local An-
dreev reflection (called crossed AR), where two elec-
trons of different leads can combine into a Cooper pair
if the distance between these leads is smaller than the
coherence length. Since this proposal, there has been
a profusion of works exploring crossed AR in different
geometries3–11, resonant nanostructures involving quan-
tum dots12–17, different conduction regimes18,19 (bal-
listic and diffusive), and addressing more fundamental
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questions, e.g., the entanglement of the quasiparticles
in different leads20–25. Within this vast set of hybrid
nanostructures, systems composed by double quantum
dots (QDs) are very promising, since this association
can serve as a model of diatomic molecules26–28. Many
works involving double QDs have been developed mainly
concerning the Kondo effect29–31, scattering with spin
inversion32, effects of different geometries33,34 (series and
parallel association), spin detectors35,36 and systems in-
volving superconductors. In the latter case, there are
studies involving Josephson molecular junctions37–39 and
transport by AR40,41.
By considering the outstanding properties of crossed
ARs and the promising feature of double QDs, we pro-
pose a prototype of a molecular transistor by combining
two QDs with a superconductor and two ferromagnetic
electrodes. A schematic diagram of the system is shown
in Fig. 1. There are two ferromagnetic electrodes, F1
and F2, attached to the first QD and a superconductor
electrode is connected to the second one. The dot cou-
pled to the ferromagnetic electrodes (F ) is called a, and
b is the one coupled to the superconductor (S). The su-
perconductor has its chemical potential fixed to zero, and
independent voltage bias are applied to the ferromagnets
which are called V1 and V2. There are also gate poten-
tials applied to the dots, denoted by Vga and Vgb. By
exploring the resonant structure of the local density of
states (LDOS) and the non-local feature of the crossed
AR, we show that is possible to switch the current at
one ferromagnetic lead by the applied bias in the second
one. In addition, the magnetoresistance sign can also be
changed through the bias. The control of the current via
external parameters can be of interest in applications of
molecular electronics.
2We assume the existence of an intradot interaction at
each QD and use a mean-field approximation to include
its effect in our calculation. However, we have not con-
sidered the occurrence of Kondo resonances at the QD’s.
While the Kondo effect has been experimentally observed
in semiconducting QDs, coupling the dot to a ferromag-
netic electrode will split the dot level, leading to the
suppression of the Kondo effect42,43. Electron pairing in
the superconductor electrode also competes with Kondo
through the proximity effect44. Now, a discussion about
the relative magnitude of the correlation parameters is
in order. In this paper, U is limited to the gap value,
since we analyzed the contribution of a pure Andreev
current (subgap current). Our study is then confined to
the weak correlation regime. This also restricts the volt-
ages to very small values, typically of the order of mV
or smaller. In fact, in the experiment by Beckmann45 et.
al., the superconductor gap of the Al film with thickness
of 80 nm was found to be ∼ 0.18 meV. In another ex-
periment performed by Russo46 et. al., using Nb films,
the superconductor gap obtained was in the rage of 0.90
and 1.45 meV, for films with thicknesses between 15 and
50 nm, respectively.
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FIG. 1. (Color Online) Schematic diagram showing the
(F 1,F 2)-QDa-QDb-S system. The magnetization of F1 is as-
sumed to be fixed and the magnetization of F2 can be varied
for an angle θ with respect to the F1 magnetization. V1 and V2
are the external potentials applied to F1 and F2, respectively
while the superconductor is grounded. Gate voltages are also
applied to the QDs, with Vga and Vgb being the potentials
applied to a and b, respectively.
II. MODEL AND FORMULAS
The system displayed in Fig. 1 is described by the
following Hamiltonian:
H = H1 +H2 +HS +Hdqd +HT
where the ferromagnet F1 is modeled by the Stoner
model47 given by
H1 =
∑
kσ
ǫ1kσaˆ
†
kσaˆkσ
with ǫ1kσ = ǫk − sgn(σ)h1 − µ1. In the same way, the
lead F2 is described by
H2 =
∑
kσ
ǫ2kσ bˆ
†
kσ bˆkσ −
∑
kσ
h2 sin θbˆ
†
kσ bˆkσ¯ ,
with ǫ2kσ = ǫk − sgn(σ)h2 cos θ − µ2.
The spin bands of F1(F2) are split by the exchange
energy h1(h2) and the magnetization direction of F2 has
an angle θ with respect to the magnetization of F1. By
changing the value of θ, we can change the configura-
tion of the system from parallel alignment (θ = 0) to an
antiparallel alignment (θ = π).
The superconductor is described by the BCS
Hamiltonian48,
HS =
∑
kσ
ǫks
†
kσ sˆkσ +
∑
k
[∆sˆ†k↑sˆ
†
−k↓ +H.c.] ,
with ∆ being the superconductor gap and the operator
sˆ†k↑sˆ
†
−k↓ creates a Cooper pair in S . Therefore, we are
considering here a conventional singlet superconductor
with s-wave pairing symmetry.
The chemical potentials µ1 and µ2 of F1 and F2 are
fixed by the applied bias V1 and V2 while the super-
conductor chemical potential (µS) is set to zero as the
ground.
The QDs are modeled by the mean-field Hamiltonian,
Hdqd =
∑
σ
Eaσnˆaσ +
∑
σ
Ebσnˆbσ (1)
where Eaσ = Ea − eVga + U〈nˆaσ¯〉/2 and Ebσ = Eb −
eVgb + U〈nˆbσ¯〉/2. The QDs energy levels, Eaσ and Ebσ,
are renormalized by the intradot interaction U . This in-
teraction couples the energy levels to the mean occupa-
tions 〈nˆaσ¯〉 and 〈nˆbσ¯〉. In addition, gate voltages Vga and
Vgb allow one to tune the position of the bare QD levels
with respect to superconductor chemical potential.
The tunneling between the QDs and leads is described
by
HT =
∑
kσ
[t1aˆ
†
kσ cˆaσ +H.c.] +
∑
kσ
[t2bˆ
†
kσ cˆaσ +H.c.]
+
∑
kσ
[tssˆ
†
kσ cˆbσ +H.c.] +
∑
σ
[tabcˆ
†
aσ cˆbσ +H.c.] , (2)
where the last term accounts for the hopping between the
QD’s. For simplicity, we have assumed that the hopping
matrix elements are independent of the spin index. This
will safely cover the case of homogeneous ‘monodomain’
ferromagnets, with no spin-flip scattering. Study of more
general situations for the S/F interface shows the possi-
bility of inducing a ‘triplet proximity effect’ in the fer-
romagnet from scattering by inhomogeneities at the in-
terface or at domain walls in the ferromagnet49–55. In
this latter case, anomalous Andreev reflections, i.e. re-
flections with spin-flip into the triplet state, have to be
considered as also contributing to the current. In the
present study, the above phenomenon will not be taken
into account, restricting our calculation to ideal homoge-
neous leads. Note that in real experimental setups, small
magnetic fields can remove any domain structure.
In order to calculate the transport properties we have
used the non-equilibrium Green’s function method56.
3All the physical quantities can be cast in terms of the
Green’s function of the QD’s. Since we are dealing
with ferromagnet and superconductor order parameters,
it is convenient to introduce the Nambu representation
by using a generalized four-dimensional spinor Ψˆi =
(cˆ†i↑ cˆi↓ cˆ
†
i↓ cˆi↑)
† with i = a, b. This allows one to
treat both order parameters on the same footing.
In terms of Nambu spinors the lesser (G<) and re-
tarded/advanced Green function Gr/a of QDs are writ-
ten as
G<ii(t1, t2) = i〈Ψˆi(t1)⊗ Ψˆ†i (t2)〉 (3)
and
G
r/a
ii (t1, t2) = ∓iϑ(±t1 ∓ t2)〈Ψˆi(t1)⊗ Ψˆ†i (t2)
+ Ψˆ†i (t2)⊗ Ψˆi(t1)〉 (4)
with i = a, b. Similiar definitions are given for the leads
Green functions. However, all the physical quantities are
determined from the Green functions of the QDs.
Under stationary regime, the current through the sys-
tem is time-independent and we can work with the
Fourier transform of the Green functions. In this case,
the total electrical current coming from the ferromagnets
and injected into the superconductor is given by
I =
e
h
∫
dω[Graa(ω)Σ
<
F (ω) +G
<
aa(ω)Σ
a
F (ω) + H.c.]11+33.
(5)
The subscript “11+33” means taking the sum of 11
and 33 elements of the 4 × 4 matrix. By adopting the
equation of motion method, the Green function of the
dot a has been determined:
Graa =G
r0
aa +G
r
aat
†
abG
r0
bb tabG
r0
aa ,
with Gr0aa = g
r
aa(1 − ΣrFgraa)−1 and Gr0bb = grbb(1 −
ΣrSg
r
bb)
−1.
In these equations Graa is the Green’s function of the
quantum dot a; Grbb is the Green’s function of the quan-
tum dot b; graa and g
r
bb are the Green’s functions of the
dots a and b isolated from the electrodes; tab describes
the coupling between the dots; ΣrF = Σ
r
1 + Σ
r
2 and Σ
r
S
are the retarded self-energies describing the coupling of
the dots with the ferromagnetic and superconductor elec-
trodes, respectively. Explicitly, these self-energies are
written as,
Σ
r,a
F (ω) = ∓
i
2


A↑ 0 B 0
0 A↓ 0 B
B 0 A↓ 0
0 B 0 A↑

 , (6)
with Aσ ≡ Γ1σ + c2Γ2σ + s2Γ2σ¯, B = sc(Γ2↑ − Γ2↓),
s ≡ sin θ/2 and c ≡ cos θ/2. We also have defined Γiσ =
2π|ti|2Niσ, (with i = 1, 2) as the coupling strength, with
ti being the tunneling amplitude and Niσ the density of
states for the ferromagnet spin σ band.
The retarded/advanced self-energy of the supercon-
ductor is given by,
Σ
r,a
S (ω) = ∓
i
2
Γsρ(ω)


1 −∆/ω 0 0
−∆/ω 1 0 0
0 0 1 ∆/ω
0 0 ∆/ω 1

 ,
(7)
where Γs = 2π|ts|2Ns, withNs being the density of states
of the superconductor in the normal state and ρ is the
modified BCS density of states
ρ(ω) ≡ |ω|ϑ(|ω| −∆)√
ω2 −∆2 +
ωϑ(∆− |ω|)
i
√
∆2 − ω2 (8)
with the imaginary part accounting for Andreev states
within the gap57.
It is important to note that the definition of Ψˆi is the
same as the one used in Refs. 57–59. As a result, the
self-energies given by Eqs. (6) and (7) are the same as
those found in Refs. 57–59.
The “lesser” Green’s function is obtained through the
Keldysh equation
G<aa(ω) = G
r
aa(ω)Σ
<
Ta(ω)G
a
aa(ω) (9)
with Σ<Ta(ω) = Σ
<
F (ω) + t
†
abG
r0
bbΣ
<
S (ω)G
a0
bb (ω)tab.
The self-energies Σ<F = Σ
<
1 +Σ
<
2 and Σ
<
S are obtained
by the fluctuation-dissipation theorem Σ<i = Fi(ω)[Σ
a
i −
Σri ], where i = 1, 2 or s. The Fermi matrix Fi is given
by,
Fi(ω) =


fi 0 0 0
0 f¯i 0 0
0 0 fi 0
0 0 0 f¯i

 (10)
in which the Fermi functions are defined as fi = f(ω −
eVi) and f¯i = f(ω + eVi) for i = 1, 2 and fi = f(ω), if
i = s.
Since the Green’s functions are dependent on mean
occupations through the intradot interaction, it is neces-
sary to calculate those quantities at the dots. From the
definition of the “lesser” Green’s function, one straight-
forwardly obtains the system of equations below:
〈na↑〉 = 1
2πi
∫ +∞
−∞
G<aa,11[ω, 〈na↑〉 , 〈na↓〉 , 〈nb↑〉 , 〈nb↓〉]
〈na↓〉 = 1
2πi
∫ +∞
−∞
G<aa,33[ω, 〈na↑〉 , 〈na↓〉 , 〈nb↑〉 , 〈nb↓〉]
〈nb↑〉 = 1
2πi
∫ +∞
−∞
G<bb,11[ω, 〈na↑〉 , 〈na↓〉 , 〈nb↑〉 , 〈nb↓〉]
〈nb↓〉 = 1
2πi
∫ +∞
−∞
G<bb,33[ω, 〈na↑〉 , 〈na↓〉 , 〈nb↑〉 , 〈nb↓〉]
These integral equations must be solved numerically
in a self-consistent way. Once the occupation numbers
4are obtained, it is possible to calculate the other physical
quantities.
By using the relations above, it is possible to deter-
mine the electrical current as a function of the applied
bias V1 and V2, the magnetization angle θ and the gate
potentials, Vga and Vgb. The total current is obtained by
adding the two currents from both ferromagnets. These
currents are summed in the QDs and injected into the su-
perconductor by means of the Andreev reflection. In this
process, an incident electron coming from the ferromag-
netic lead, with energy ω and spin σ, combines with a sec-
ond electron with energy−ω and spin −σ. Both electrons
enter the superconductor as a Cooper pair, leaving a re-
flecting hole with spin −σ in the ferromagnetic electrode.
Since we need both spins to create a Cooper pair, the AR
is prohibited when the polarization of the ferromagnetic
lead is equal to unity. In the setup under consideration
(see Fig. 1), the Andreev reflection may be local, that
is occurring in the same lead of the incident electron, or
may be nonlocal, with the reflected hole appearing in the
other lead. For instance, an incident electron in F1 can
be reflected as a hole at F1 or F2. The latter case, called
crossed AR, is possible only if the distance between F1
and F2 is of the order of or less than the superconductor
coherence length. Recent experiments probing crossed
ARs, estimate superconducting coherence lengths in the
range of 10-15 nm for Nb films46, and 200-300 nm for Al
films45, depending on the sample, but showing that the
effect can be checked experimentally within the present
state of the art in nanodevices. Crossed ARs allow us to
control the current through the angle θ and the polariza-
tion of the ferromagnets. The polarization is defined in
terms of the coupling constants:
Pi =
Γi↑ − Γi↓
Γi↑ + Γi↓
, i = 1, 2.
The most interesting case is the one when both leads are
full polarized. In this case, AR in the same electrode
is not possible and the crossed AR is the only mecha-
nism to carry current through the system60. As a result,
the current can be tuned from zero to its maximum by
varying the angle θ of the magnetization of F2. In fact,
when θ = 0, the total current is zero since we have the
same spin in both electrodes which implies no availability
of states for the reflected hole. On the other hand, when
θ = π, all the electrons of F1 are up-spin and the electrons
of F2 are down-spin and the current exhibits a maximum
value. Materials with a high degree of spin polarization
are currently being used to study spin-dependent trans-
port properties. The most promising case corresponds to
CrO2, which has been predicted to be half-metallic and
100% polarized at the Fermi level61.
In order to compare the current in these two different
configurations, we define the Andreev magnetoresistance
as:
ARMR =
|IAP | − |IP |
|IAP |+ |IP | (11)
in which IAP = I(θ = π) and IP = I(θ = 0).
The definition (11) is different from the usual one, since
we use the absolute value of the currents. This definition
allows us to compare the amplitude of the currents in
terms of the bias of each electrode. In this system the
sign of current in each ferromagnetic terminal is linked to
the averaged chemical potential of the two leads. Thus,
it contains the case that V1 > 0 and V2 < 0 but I >
0. This unusual behavior is characteristic of the crossed
AR reflection and has been first pointed out by Y. Zhu
et al. in a one-dot three-terminal system58. By using
the definition (11) we can determine which current is
larger through the sign of ARMR, even in cases when
we consider the dependence of ARMR with the bias V1
or V2.
III. RESULTS AND DISCUSSION
Some ARMR curves are presented in Fig. 2a for differ-
ent values of the applied bias in the electrodes F1 and F2.
For V2 = 0, ARMR is positive in the entire range of V1
with a rapid oscillation around V1 = 0. For V2 = +0.30
the ARMR displays a step-like behavior with positive
values for V1 > 0 and negative values for V1 < 0. The
trend is inverted for V2 = −0.30. These results indicate
that one can control the sign of the system magnetoresis-
tance through external parameters V1 and V2. In order
to understand the ARMR curves, in Figs. 2b and 2c
the corresponding IP and IAP curves are shown. In the
parallel configuration, the total current IP is very small
since the polarization values (P1 = P2 = 0.95) are close
to unity. In this case, the crossed AR does not con-
tribute significantly since the magnetizations of F1 and
F2 are pointing in the same direction. When the mag-
netization of F2 is inverted, the crossed AR dominates
the conduction process making IAP much higher than
IP . In this way, when the polarization is close to unity,
the usual situation is to find positive values of ARMR
(see Eq. (11)) since the current IAP is mainly carried
by the crossed AR plus a small direct AR contribution.
However, as shown in Fig. 2a, for V2 6= 0, the ARMR
presents negative values even for high values of the P1
and P2. In fact, the potential V2 shifts IP and IAP along
the current axis, as shown in Fig. 2b. In this case, the
current IP can be higher than IAP for some range of V1
even if the amplitude of the former is close to zero.
The parameters controlling the amplitude and the shift
of the currents with V1 and V2 are the coupling constants
Γ1 and Γ2, respectively. In fact, by increasing Γ1 and
Γ2, the admixture of states at the ferromagnets with the
dot levels is also increased. Therefore, more electrons
can be transferred to the superconductor by direct ARs,
resulting in higher amplitudes of IP . Since the values
used are Γ1 = 0.20 and Γ2 = 0.80, the amplitude of IP is
smaller in comparison to the shift along the current axis.
On the other hand, by comparing the figures 2b and 2c,
we note that the amplitude of IAP is almost independent
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FIG. 2. (Color Online) Magnetoresistance ARMR and corresponding currents IP and IAP through the system for different
values of the applied bias V1 and V2. (a) ARMR. (b) IP = I(θ = 0). (c) IAP = I(θ = pi). Fixed parameters: Γ1 = 0.20,
Γ2 = 0.80, Γs = 0.30, tab = 0.20, Vga = Vgb = 0, U = 0.40, P1 = P2 = 0.95, kBT = 0.01. All the parameters are expressed in
superconductor gap units.
on the relation between Γ1 and Γ2. In fact, IAP is carried
almost through crossed ARs which picks up one up-spin
electron from F1 and another down-spin electron from F2.
Since the total current entering into the superconductor
must be unpolarized, it is limited by the electrode with
lower injection of electrons. The difference between these
two processes (crossed and direct AR) with respect to the
variations of Γ1 and Γ2 allows the control of the sign of
ARMR through external parameters.
The curves for IAP display some interesting features.
Unlike the current IP , the shift of IAP along the current
axis is related to the applied bias rather than the coupling
constants Γ1 and Γ2. In fact, the zero value of the cur-
rent IAP is found through the condition V1 = −V2 (see
also Ref. 58 for one-dot case). This condition determines
the shifts of the current IAP when the value of the bias
is changed in the electrode F2. The current IAP is given
by the sum of the currents of each electrode, I1 and I2,
which present the same behavior shown by the total cur-
rent. This is a result of the coherence between the leads
in the crossed AR. To illustrate this point, in Fig. 3 the
current curves in the electrode F1 are shown for values of
the intradot interaction U ranging from 0 up to 0.80. By
comparing the curves of Figs. 3c and 2c, it can be noted
that the amplitude of I1 is half the amplitude of the to-
tal current showing a balance in the contribution of each
ferromagnet. For all curves shown in Fig. 3, the system
works as a switch when |V1| & 0.32 (out of the shaded re-
gion): if the bias in F2 is changed from zero to ±0.30 the
current through F1 is commuted from its maximum to
a value close to zero. In Fig. 2c, the current is reduced
from 0.20 to 4.5×10−3 at V1 = 0.60 as V2 is changed
from +0.30 to -0.30. This implies that the current is
reduced to 2% of its maximum value. This small “leak-
age” current could be eliminated in the case in which the
ferromagnets are fully polarized. This switching behav-
ior of the system can be useful in practical applications
since the system behaves as a transistor. The switching
effect persists even for high values of the intradot inter-
action as shown in Fig. 3f, for U = 0.80. However, as the
interaction increases, an asymmetry in the curves with
respect to the sign of V1 emerges: the amplitude of I1
is strongly reduced for V1 > 0 but is weakly reduced for
V1 < 0. In curves with V2 = +0.30, there is a reduction
of the current with the increase of the applied potential
for U > 0.20. This effect has been studied by the authors
in a previous work62 and its explanation is based on the
appearance of asymmetries caused by the interaction in
the local density of states (LDOS) at the QDs.
The results for the transistor based on AR depend on
high values of the polarization of the electrodes since the
difference between direct and crossed processes is the key
for the behavior observed in this system. In addition, the
step-like behavior of the current stems from the local-
ized LDOS around the superconductor chemical potential
(µS). This way, in an experimental realization of this sys-
tem, a pertinent question would be if the transistor effect
persists for smaller values of polarization and hopping be-
tween the QDs. The latter parameter being responsible
for the resonant structure of the LDOS around µS . In
order to analyze these points, in Fig. 4 some curves for
the current I1 are presented for different values of the fer-
romagnet polarizations and hopping parameter between
dots. We considered three different values of polariza-
tions: P1 = P2 = 0.95 (Figs. 4a and 4b); P1 = P2 = 0.60
(Figs. 4c and 4d) and P1 = P2 = 0.24 (Figs. 4e and 4f).
In Figs. 4a and 4b the polarizations take the same values
as in Figs. 2 and 3, but tab is ranging from 0.05 up to
0.20. As tab is reduced from the value of 0.20, the am-
plitude of the current is strongly reduced for both signs
of V2. In spite of this reduction, the dependence of I1 on
V1 is qualitatively the same for all values of tab. Thus,
the variation of tab within this range of values preserves
the behavior of the system as a transistor. In Figs. 4c
and 4d, the polarization is reduced to P1 = P2 = 0.6. In
this case, an important change can be observed in com-
parison to the curves of Figs. 4a and 4b: the leakage
current displays now a noticeable value which increases
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FIG. 3. (Color Online) Current through the terminal F1 for V2 = −0.30 (red curve) and V2 = 0.30 (black curve) for different
values of the intradot interaction U . Fixed parameters: θ = pi, Γ1 = 0.20, Γ2 = 0.80, Γs = 0.30, tab = 0.20, Vga = Vgb = 0,
P1 = P2 = 0.95, kBT = 0.01. All the parameters are expressed in superconductor gap units.
with the hopping parameter. For tab = 0.20, the maxi-
mum value of the leakage current is approximately ±0.02
for V1 = ±0.78 and V2 = ∓0.3. As the hopping param-
eter is reduced, the leakage current is also reduced as
shown in Figs. 4c and 4d in which tab is changed from
0.20 to 0.05. Even though, for all curves the maximum
value of the leakage current is about 13% of the current
maximum for both signs of V2. As the polarization is fur-
ther reduced, the leakage current increases as shown by
the Figs. 4e and 4f, for P1 = P2 = 0.24. In this case, the
leakage current is about 20% of the maximum current.
Hence, the switching effect of the system becomes less
efficient as the polarization is reduced below 80%. On
the other hand, the reduction of tab does not destroy the
switching effect since it just reduces the current ampli-
tudes.
In the results shown in Figs. 2 to 4, the intradot in-
teraction has introduced a negative differential conduc-
tance on the current response. However, there are other
effects which can also take place under the presence of
electronic correlations at the QDs. In particular, the
intradot interaction splits the up and down-spin states
at each QD, with the corresponding splitting of peaks
in the transmittance and differential conductance. In
the case in which crossed ARs are present, the effect
of U on the spin-degeneracy is more complex in compar-
ison to systems with two–terminals as the one studied
in Ref. 62. To illustrate this point, a comparison be-
tween the responses of the present system and the two-
terminal system of Ref. 62 is shown in Fig. 5. The
solid curve (black curve) corresponds to the total current
through the system F1 − QDa − QDb − S and the dot-
dashed curve (red curve) is the total current flowing in
the (F1, F2)−QDa−QDb − S system. For the first sys-
tem, which conducts via normal ARs, we chose a not so
big value of the polarization (P1 = 0.50), otherwise the
current will be very small. For the two-terminal system,
both polarization are close to 1, and the current is mainly
due to non-local crossed ARs. The corresponding differ-
ential conductance curves are shown in Fig. 5b. For the
system with one ferromagnet, the current displays eight
steps corresponding to the eight peaks of the differential
conductance. Note that admixture between the QD levels
with the continuum of states from the ferromagnet and
the Andreev levels of the superconductor, gives rise to a
four-peak structure of the LDOS at the QDs62. Under
the presence of the intradot interaction, those four peaks
are split, resulting in eight peaks in the LDOS and eight
steps in the current. In contrast, only four peaks appear
in the figure of the differential conductance for the sys-
tem with 2 ferromagnets. To understand the difference
between those responses, the key factor is to note that
the polarizations have being chosen close to unity in the
two-terminal system. As a result, the conduction is car-
ried mainly by crossed ARs, since the ferromagnets are in
the antiparallel configuration. The electrodes carry the
current in a coherent way, i.e., one spin-up electron from
F1 and another spin-down electron from F2 are combined
as a Cooper pair in the superconductor. In Fig. 5c the
transmittance curves for crossed ARs are shown. TAR,12
represents the transmittance for a spin-up electron of F1
to be reflected as a spin-down hole in F2, while TAR,21
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FIG. 4. (Color Online) Current through the terminal F1 for different values of hopping parameter tab. Figs. (a) and (b):
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represents the transmittance for a spin-down electron of
F2 to be reflected as a spin-up hole in F1. It can be noted
that the curves are not symmetric with respect to the
energy origin. This feature contrasts with the transmit-
tance in the case of one ferromagnetic electrode, which is
illustrated in Fig. 5d. However, the two curves displayed
in (c), when combined present a symmetric character, as
one can observe by locating the peaks of each spectrum.
The peak labeled by 1 in TAR,12 and the peak 1
′ in TAR,21
are located at ω = +0.16 and −0.16, respectively. The
same symmetry can be observed between the other pairs
of peaks. This shows us that the ferromagnets act coop-
eratively in the transport, circumventing the effect of U
in breaking spin degeneracy. In fact, the interaction U is
only responsible for the shifts of the curves with respect
to the origin. However, since TAR,12 and TAR,21 are dis-
placed symmetrically, there is no sensible effect on the
current and differential conductance as shown in Figs.
5a and 5b. In the case with one ferromagnet, there is
only one transmittance curve, and the effects of the in-
teraction can be observed by the splitting of the peaks.
It is important to note that transport via AR requires
electrons with energies disposed symmetrically with re-
spect to the superconductor chemical potential. This is
necessary in order to form Cooper pairs within the su-
perconductor and sustain the subgap current associated
with AR. Next, we consider the effect of the gate poten-
tials on the electric transport of the system. In Fig. 6,
the current through F1 (I1) is plotted in terms of the
gate potentials Vga and Vgb applied on the QDs a and b,
respectively. The bias in the ferromagnets are fixed at
V1 = V2 = ±0.30 corresponding to the maximum value
of I1 for the curves of Fig. 4a and 4b. In Figs. 6a and 6b
the interaction at the QDs is zero and I1 displays a single
peak centered at Vga = Vgb = 0. The same behavior is
observed in Fig. 6b for V1 = V2 = −0.30. When the in-
teraction at the QDs is present, the current still exhibits
a single peak as observed in Figs. 6c and 6d for U = 0.80.
However, the peak is now located at Vga = Vgb = −0.18
and its amplitude has been reduced to half of the value
for U = 0.0. Therefore, under the presence of interac-
tion at the QDs, gate voltages must be used in order to
find the maximum condition for the electrical current.
By the projections on the plane Vgb × Vga in Figs. 6b
and 6d, it can be noted that the variation of I1 is asym-
metric with respect to the gate potentials. In fact, I1 is
different from zero in the entire range of Vga but is appre-
ciable only within a very narrow range of Vgb. This can
be explained by noting that the system is not symmet-
ric, with each QD connected to a different electrode, and
subjected to a different hybridization of quantum states.
This is also reflected in the structure of the LDOS in
both QDs, as shown in Fig.7. By changing the gate volt-
ages Vga and Vgb, it is possible to change the QDs levels
and the LDOS. In simpler systems, in which the cou-
pling between the QDs and the electrodes is weak, the
gate voltage just shifts the QDs levels with respect to the
chemical potential of the electrodes. Hence, the behavior
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system with two-terminals, and Γ2 = 0 and P1 = 0.50 for the system with one ferromagnet. All the parameters are expressed
in superconductor gap units.
of the LDOS can be described in a intuitive manner, be-
ing possible to relate the changes of the current directly
with those of the levels of the QDs. In our example, the
analysis is subtler, since the QD levels are admixed with
the continuous band of the ferromagnets and the discrete
Andreev levels of the superconductor. This way, the ef-
fects of the gate voltages on the LDOS are more complex
to resolve. To illustrate this point, in Fig. 7 we display
some curves for the LDOS of both QDs, for different val-
ues of Vga and Vgb. The LDOS are obtained by standard
methods, from the imaginary part of elements 11 (dot a)
and 33 (dot b) of the retarded Green function of these
QDs. Explicit formulae can be found in Ref. 62.
The curves correspond to the bias V1 and V2 equal to
0.30 meaning that only the states within the range of
conduction −0.30 < ω < +0.30 are contributing to the
transport. As the gate voltages are varied, the LDOS
within this window changes, modifying the response of
the system to applied voltages in F1 and F2. For the
non-interacting case, the maximum value of the current
occurs for Vga = Vgb = 0. The corresponding LDOS
for both QDs are represented by the solid curves (black
curves) in Figs. 7a and 7b. It can be noted that the
LDOS is spread over the entire range −0.30 < ω < +0.30
which implies that the current is carried almost over all
range determined by the applied bias. For Vga = −0.90
(blue dotted curve) and Vga = +0.90 (red dash-dotted
curve) LDOS-A exhibits a maximum at ω = −0.93 and
+0.93, respectively. In the range of interest, there are
two well localized peaks but with asymmetric amplitudes.
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These two peaks also appear in the curves for LDOS-B as
shown in Fig. 7b. However, these peaks present higher
amplitudes for Vga = +0.90, being very suppressed for
Vga = −0.90. This asymmetric pattern explains the sup-
pression of the current for these values of the gate po-
tentials. As pointed in our previous work62, the sym-
metry of the peaks in the LDOS is crucial for the trans-
port, since states located at opposite values of the energy
combine to form Cooper pairs in the superconductor. If
one of these peaks is suppressed, the effective number
of states participating in the conduction process is effec-
tively reduced and the current becomes smaller. For the
interacting case, shown in Figs. 7c and 7d, the intradot
interaction splits the peaks of the LDOS at both QDs.
However, since some peaks are strongly suppressed, we
do not see them within the scale of the graph. As an
example, take the value Vga = ±0.90. For the QD cou-
pled to the superconductor (dot b), the LDOS exhibits
four peaks localized inside the range −0.30 < ω < +0.30.
However, the corresponding states for the QD coupled to
the ferromagnets (dot a) are completely suppressed in
the same range (LDOS-A displays only four small peaks
around ω = 0). In contrast, when Vga = −0.18, both
LDOS are appreciable inside the range of conduction,
which explains the maximum value of the current shown
in Figs. 6c and 6d.
The system is very sensible to variations of the gate
potentials, as shown by the results in Figs. 6 and 7. In
fact, the voltage values involved are restricted to the su-
perconductor gap, and small variations of the parameters
within this range are sufficient to change the transport
response of the system. See, for instance, the cases of
Figs. 6c and 6d, for fixed Vgb = −0.18. Changing Vga
from -0.18 to 0, reduces the current to 38% of its maxi-
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mum value.
IV. CONCLUSION
The combination of superconductivity with ferromag-
netism in nanostructures gives rise to most interesting
properties, probably useful in future technologies. In this
work we have studied the magnetoresistance and the cur-
rent properties of the (F1, F2)−QDa −QDb − S hybrid
system, in the case of subgap currents, when the trans-
port is solely due to AR processes. We found that the
magnetoresistance sign can be switched by applying an
external potential in one of the ferromagnetic leads. In
addition, the current carried by crossed ARs can also
be controlled through the potential of the ferromagnets.
Being a nonlocal process, crossed ARs allow control of
the current in one ferromagnet, say F1, by means of the
potential applied to the other, say F2, with the system
behaving as a switch for some values of the parameters.
The switching effect works better for polarization values
close to unity. In fact, the leakage current in the inverse
direction is completely suppressed when the ferromag-
nets are fully polarized. High polarizations (>90%) val-
ues have been observed in ferromagnetic films of CrO2 by
Soulen Jr. and co-workers63. Some high values (>85%)
have also been reported in ferromagnetic semiconductors
based on GaMnAs64. This way, representative values
used in our numerical calculations could be implemented
in experiments. Inclusion of the intradot interaction U
does not kill the switching effect, as shown by examples
in Fig. 3. However, it is worth mentioning that our re-
sults were obtained from a mean field approximation in
treating correlations at the QDs, with fluctuations be-
11
ing neglected. Important effects, such as the negative
differential conductance and the lifting of spin degener-
acy, could be washed out by fluctuations, and we have to
look for a safe ground in order to apply mean field results.
Qualitatively, this domain corresponds to high polariza-
tion values and nonzero gate voltages, which strongly
suppress fluctuations. However, the exact extension of
the validity of the approximation used in this work can
be addressed only by experiments.
The switching property shown by the (F1, F2)−QDa−
QDb − S system resembles the conventional transistors
used in large scale in any commercial electronic device.
The future of the electronics in the nanometer domain
demands devices which mimic the conventional ones, and
the system presented in this work may be a contribution
in this direction.
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